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Abstract
The RNA world hypothesis states that the early evolution of life went through a stage in which RNA served both as genome
and as catalyst. The central catalyst in an RNA world organism would have been a ribozyme that catalyzed RNA
polymerization to facilitate self-replication. An RNA polymerase ribozyme was developed previously in the lab but it is not
efficient enough for self-replication. The factor that limits its polymerization efficiency is its weak sequence-independent
binding of the primer/template substrate. Here we tested whether RNA polymerization could be improved by a cationic
arginine cofactor, to improve the interaction with the substrate. In an RNA world, amino acid-nucleic acid conjugates could
have facilitated the emergence of the translation apparatus and the transition to an RNP world. We chose the amino acid
arginine for our study because this is the amino acid most adept to interact with RNA. An arginine cofactor was positioned
at ten different sites on the ribozyme, using conjugates of arginine with short DNA or RNA oligonucleotides. However,
polymerization efficiency was not increased in any of the ten positions. In five of the ten positions the arginine reduced or
modulated polymerization efficiency, which gives insight into the substrate-binding site on the ribozyme. These results
suggest that the existing polymerase ribozyme is not well suited to using an arginine cofactor.
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Introduction
According to the RNA world hypothesis, an early stage of life used
RNA both as genome and as catalyst [1,2,3,4] for recent reviews see
[5,6]. The central activity in an RNA world organism would have
been RNA polymerization to facilitate self-replication. To recapitu-
late an RNA world in the lab, RNA polymerase ribozymes were
developed and improved in several laboratories [7,8,9,10].
These polymerase ribozymes have a length in the range of 200
nucleotides. Therefore, self-replication would require the poly-
merization of about 200 ribozyme-encoding nucleotides. Howev-
er, the best existing polymerase ribozymes favor variants of a
single, short template sequence with the length of less than 20
nucleotides. By concatenating multiple copies of this sequence it
was possible to extend a primer by 95 nucleotides [10]. However,
such a template could not encode a ribozyme. On unrelated
template sequences, polymerization reaches usually less than 10
nucleotides, and recent improvements made it possible to
polymerize 20–30 nucleotides [9,10,11,12]. However, this is still
far below the level required for self-replication. The limiting factor
for polymerization efficiency is the ribozyme’s weak sequence-
independent binding of the primer/template substrate, with a KM
in the millimolar range [13]. Some of the sequence independent
contacts are hydrogen bonds to template 29-hydroxyl groups [14].
However, it may be possible to establish additional sequence
independent contacts mediated by ionic interactions with the
negatively charged phosphodiester groups of the primer/template
substrate. To do this, the ribozyme would have to employ a
positively charged cofactor.
This positive charge can be supplied by metal ions or by cationic
organic molecules. The polymerase ribozyme was originally
selected in the presence of 60 mM magnesium ions [7] and
different versions were optimized in the presence of 36 to 184 mM
free magnesium ions [9,10]. Because magnesium ions are good
ligands for the phosphodiester oxygen anions of RNA [15] the
continuous presence of magnesium ions during the evolutionary
history of polymerase ribozymes should have found the most
beneficial involvements of magnesium ions that increase polymer-
ization efficiency. However, even at the optimal magnesium
concentration of 200 mM the binding of substrate is in the
millimolar range, suggesting that cations different from metal
cations could play a role to improve substrate binding.
In contrast to metal ions the polymerase ribozyme did not
encounter cationic organic molecules during its history. Therefore,
a potential benefit from those molecules would have gone
undiscovered. Specifically, the amino acid arginine carries several
advantages over other cationic cofactors. Most importantly, the
guanidinium group does not establish a hydration shell in aqueous
solution. This helps the binding of negatively charged RNAs
because it avoids the enthalpic cost of displacing a hydration shell
[16]. Additionally, the guanidinium group of arginine has a pKA
of 12.5 [17], maintaining a positive charge at any pH value
encountered by the ribozyme. Evidence that these factors benefit
RNA binding comes from RNA binding proteins, which use
arginine more than any other amino acid at the interface with
RNA [18].
How could arginine cofactors compete with the high concen-
tration of magnesium ions that are required by the polymerase
ribozyme? In addition to the absence of a hydration shell our
experiments carry two designs to help arginine compete with the
magnesium ions. First, we decreased the free magnesium ion
concentration from 184 mM to 64 mM, which facilitates near-
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optimal activity, and further down to 24 mM, which allows weak
but quantifiable polymerization to occur [19]. Second, we
connected the arginine cofactor to the ribozyme via arginine-
nucleic acid conjugates, which base pair to the ribozyme and
thereby generate a high local concentration of arginine proximal
to the binding site. We estimate that the local concentration of the
arginine guanidinium group would be at least 50 mM, based on
the volume accessible constrained by the length of the linker to the
nucleic acid.
In an RNA world, amino acid - nucleid acid conjugates or
peptide - nucleic acid conjugates could have served in the roles of
cofactors and could have established the first steps in a translation
system [20,21]; see also [22]. The synthesis of such conjugates
would have been possible in an RNA world because ribozymes can
generate several different types of RNA-amino acid conjugates
[23,24,25,26]. One benefit of amino acid - nucleic acid conjugates
for an RNA world would have been that less sequence of the
ribozyme needs to evolve for pairing a conjugate compared to
establishing a binding pocket for the cofactor. This means that the
‘combinatorial cost’ of acquiring a cofactor is strongly reduced,
and thereby the evolutionary likelihood of reaching that state is
higher.
In this study, arginine was used as a positively charged cofactor
for the polymerase ribozyme. An arginine - nucleic acid conjugate
was positioned at ten different positions on the ribozyme located
near the substrate-binding site. We tested whether the positively
charged arginine could be used by the ribozyme to increase
polymerization efficiency. However, the arginine did not improve
polymerization in any of these ten positions, suggesting that single
arginines are not sufficient to improve the existing polymerase
ribozyme. This also suggests that it may be harder than previously
thought to take the first step in the development of the translation
apparatus, via amino acid - nucleic acid conjugates.
Results
We used arginine-RNA and arginine-DNA conjugates to
position the arginine cofactor on the ribozyme. Specific sequences
for the nucleic acid handle of the conjugate made it possible to
base pair the conjugate to different positions on the ribozyme
(Fig. 1). This strategy carries several advantages over the use of free
amino acids or free peptides. First, a few unpaired bases on the
ribozyme are sufficient to base pair to the handle of the conjugate.
In comparison, free amino acids or peptides would make it
necessary to establish a binding pocket for the cofactors on the
ribozyme. Second, the amino acid portion of the conjugate is
accessible for interactions with the substrate. In contrast, free
amino acids and short peptides require a cofactor-binding pocket
that obstructs at least some of the possible interactions with the
primer/template.
The arginine-nucleic acid conjugates were synthesized by
carbodiimide peptide coupling chemistry. Fmoc-protected argi-
nine was activated as NHS ester and reacted with amino modified
DNA or RNA. The nucleic acid sequences of these conjugates
were chosen to pair to one of two target sites on the polymerase
ribozyme, thereby forming a 59-terminal duplex, or the P2 duplex.
The choice of these target sites was based on their vicinity to the
catalytic site (Fig. 1; [27]) and because base pairing to these
sequences did not inhibit ribozyme polymerization.
Ten polymerase ribozymes have been developed to date
[7,8,9,10]. Our study focuses on the first published polymerase
ribozyme [7] because this was the most efficient polymerase
ribozyme at the beginning of our study. Our results are relevant
for at least the three most efficient variants of these ribozy-
mes because their secondary structure is almost identical
[7,9,10].
A 59-duplex on the polymerase ribozyme to attach
arginine conjugates
The first site for attaching the arginine conjugates is a duplex
that extends the 59-terminus of the polymerase ribozyme [19].
Choosing this 59-duplex for attaching the arginine has the benefit
that the length of the duplex can be varied, thereby tethering an
arginine to the distal end of the duplex places it at different
positions along a ‘helical ruler’ on the ribozyme [28]. Additionally,
the proximal end of the duplex accesses another position.
Therefore, the 59-duplex allowed us to place an arginine cofactor
at eight positions on the polymerase ribozyme (Fig. 1). In the
absence of a complementary RNA or DNA, all single-stranded 59-
terminal ribozyme sequences inhibited polymerization (data not
shown), confirming that the conjugates annealed to their intended
position at the ribozyme 59-terminus.
To measure the effect of each positioned arginine on ribozyme
function we quantified the polymerization efficiency with and
without the arginine modification. Additionally, we measured the
influence of an amino group, which was used to couple the
arginine with the nucleic acid handle. The polymerization
efficiency was measured as the average number of nucleotides
added to each primer molecule. This readout is sensitive enough to
allow the detection of single hydrogen bonds between the
ribozyme and the primer/template substrate [14]. However, the
arginine modification did not show any effect on ribozyme
polymerization when it was placed at the proximal end of the 59-
duplex or at the distal end of the 59-duplex, with duplex lengths of
9, 14, and 17 base pairs (Fig. 2 and 3).
When the 59-duplex had a length of 7 base pairs, the DNA
derivatives showed lower polymerization efficiency than the RNA
derivatives (Fig. 3). This can be explained by the lower
thermodynamic stability of DNA/RNA duplexes relative to
RNA/RNA duplexes [29]. We assume that the 7-base pair
DNA/RNA duplex was partially dissociated so that the single-
stranded 59-sequence of the ribozyme could inhibit polymeriza-
tion. This interpretation is supported by our observations that the
optimal reaction temperature with the 7-base pair DNA/RNA
duplex was slightly lower than with longer duplexes, and that the
single-stranded 59-sequence inhibits polymerization (data not
shown). All 59-duplexes longer than 7 base pairs appeared to be
stable under the used reaction conditions.
Inhibitory effects of arginine at the 59-duplex
When the length of the 59-duplex was 11 base pairs the arginine
and amino modification showed an inhibitory effect on polymer-
ization (Fig. 3C). While this effect occurred both in the absence
and the presence of a P2 oligo, an inhibitory effect at the 7 base
pair duplex appeared only in the presence of the P2 oligo. The P2
oligo was introduced as a heptanucleotide that complements the
P2 duplex on the polymerase ribozyme (Fig. 1A) and improved
some aspects of polymerization [7]. However, later studies showed
that polymerization also proceeds well in the absence of the P2
oligo [19] and that a truncated P2 oligo is more efficient than the
heptanucleotide [12]. Because the P2 oligo binds adjacent to the
catalytic site we tested most effects found in this study with and
without the optimized, truncated P2 oligo. Because the P2 duplex
affected the positioning of the 59-duplex with 7 base pairs on the
ribozyme but not that of longer 59-duplexes we assume that the
ribozyme forms fundamentally different interactions with 59-
terminal duplexes of 7-base pairs and longer duplexes.
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Arginine at the 59-duplex can rescue inhibitory effects
When the 59-duplex had a length of 15-base pairs the RNA/
RNA duplex slightly decreased polymerization, in the absence of a
P2 oligo (Fig. 3C, lower panel). This was concluded from
comparing the polymerization efficiency between RNA/RNA
duplexes and DNA/RNA duplexes, as well as between the
unmodified, amino modified, and arginine modified RNA/RNA
duplex. The inhibitory effect of the 29-hydroxyl group was rescued
by the 29-deoxy modification as well as by the 39-terminal amino
or arginine modification of the RNA. The rescue by 39-terminal
modifications showed that the 39-terminal 29-hydroxyl group
caused the inhibitory effect and not internal 29-hydroxyl groups in
the RNA/RNA duplex. These effects probably also existed for a
duplex length of 13 base pairs and in the presence of the P2 oligo
but were too small to have strong statistical significance (Fig. 3C).
59-terminal duplexes can enter the catalytic site
To explain the inhibitory effect of the 39-terminal RNA 29-
hydroxyl group at the 59-duplex we hypothesized that the distal
terminus of the RNA/RNA duplex entered the active site and
interfered with binding of the primer/template. To test whether
the inhibitory effect of the 39-terminal 29-hydroxyl group could be
due to insertion into the catalytic site we monitored whether the
59-duplex could be used as a primer/template duplex and
extended by the polymerase ribozyme. To obtain a templating
sequence the 59-terminus of the polymerase ribozyme was
elongated by four nucleotides. Polymerization assays showed that
the radiolabeled RNAs at the 59-duplex were indeed extended by
the polymerase ribozyme, with a strong dependence on the length
of the 59-duplex (Fig. 4). The same length dependence was visible
in the absence and the presence of the P2 oligo. The dependence
followed a pattern that coincided with the periodicity of an A-form
helix (11 base pairs), with the exception of the 7 base pair duplex.
These results showed that the distal terminus of the 59-duplex
entered the catalytic site of the ribozyme, confirming the
hypothesis that the 39-terminal 29-hydroxyl group of 59-terminal
RNA/RNA duplexes could inhibit polymerization by insertion
into the catalytic site.
Figure 1. Structure of ribozyme constructs used in this study. The 59-terminus of the ribozyme (green) is in close contact with the primer
(red) and template (orange). The P2 oligo (dark blue) is base paired to a complementary region on the ribozyme (light blue), forming the P2 helix. (A)
Secondary structure of the polymerase ribozyme [7] with the 59-duplexes and the P2 duplex that were used to attach arginine or amino cofactors.
The length of the 59-duplex is indicated. ‘‘X’’ denotes the position of the chemical modification. The P2 oligo is truncated, and the internal mismatch
was removed [12]. (B) 3D structure of the ligase domain in the polymerase ribozyme, based on the crystal structure of the ligase [27]. Atoms that do
not appear in the polymerase ribozyme were deleted. The asterisk denotes the position of the catalytic site. The positions where the 59-duplex and
the accessory domain are attached to the ligase domain are indicated, as well as the 59-terminus and 39-terminus of the P2 oligo.
doi:10.1371/journal.pone.0025030.g001
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Arginine at the P2 duplex can mediate an initial burst of
polymerization
The second site on the ribozyme that was used for the
attachment of conjugates is the P2 duplex, which was formed by
the polymerase ribozyme base pairing to the RNA hexanucleotide
59-GGCGCC-39 [7,12] (Fig. 1). The P2 oligo is positioned
adjacent to the catalytic site as judged by the crystal structure of
the catalytic core of the ribozyme (Fig. 1B; [27]). To test whether
the positive charge next to the catalytic site could improve
polymerization further we modified both the 59-terminus and the
39-terminus of this P2 oligo with arginine (Fig. 1A).
An arginine or amino modification at the 59-terminus of the P2
oligo resulted in an initial burst of polymerization but caused a
stalling of polymerization after five or six nucleotides were added
(Fig. 5). This mirrors the behavior when the P2 oligo is a
heptanucleotide, differing from our hexanucleotide by a 39-
terminal adenosine [12]. This 39-terminal adenosine interacts with
the single-stranded portion of the same template as used in this
study (T21) but not with other templates (T50a, T50b). Consistent
with that we did not find an influence of modifications at the 59-
terminus of the P2 oligo when other templates were used (T50a or
T50c from reference [12]; data not shown). When the arginine or
amino modification was placed at the 39-terminus of the P2 oligo it
did not affect polymerization efficiency. This is consistent with a
previous study, which found that nucleotide extensions at the 39-
terminus of the P2 oligo are tolerated [12].
Influence of arginine conjugates at low magnesium
concentrations
All experiments above were conducted at magnesium ion
concentrations of 80 mMMg2+ (64 mM free Mg2+), which may be
too high for arginine to compete with, to bind to phosphodiester
oxygens. Therefore, we reduced the concentration of Mg2+ to
40 mM (24 mM free Mg2+), which is high enough to obtain
quantifiable data from polymerization but perhaps low enough to
see a positive effect of arginine cofactors [19]. A positive effect by
arginine cofactors at this concentration would not mean that the
polymerase ribozyme efficiency is improved over its optimal
activity (which requires 200 mM Mg2+) but that single arginines
could have a role in nucleic acid interactions in an RNA world,
at these lower Mg2+ concentrations. However, even at this low
concentration we did not detect increased polymerization effi-
ciencies due to arginine (Fig. 6). On the contrary, the arginine
modification was inhibitory when the 59-duplex had a length of 11
or 13 base pairs. The inhibitory effect at a duplex length of 11 base
pairs was consistent with the effect at 80 mM Mg2+ whereas the
inhibitory effect at a 59-duplex length of 13 base pairs was not seen
at 80 mM Mg2+ and may therefore reflect a minor structural
change of the ribozyme between 40 mM and 80 mM Mg2+.
Discussion
In an effort to increase the polymerization efficiency of the
polymerase ribozyme we tested whether arginine conjugates could
improve polymerization. However, we found that arginine did not
improve polymerization when placed at ten different positions on
the polymerase ribozyme.
Why did the use of arginine-nucleic acid conjugates not improve
the efficiency of the polymerase ribozyme? One possibility is that a
single arginine is not sufficient to show a strong effect on primer/
template binding. However, our assay is sensitive enough to detect
even single hydrogen bonds that affect substrate binding [14].
Second, although we tested ten different positions for arginine on
the ribozyme the best location may not have been among them.
Third, the current polymerase ribozymes may not benefit from the
conjugates because the ribozymes were optimized in the absence
of these conjugates. A partial randomization and re-selection in
the presence of these conjugates may find polymerase ribozymes
that efficiently use the conjugates. Lastly, it is possible that the
magnesium concentration that is necessary for activity of the
polymerase ribozyme shielded the phosphodiester groups suffi-
ciently that the effect of an arginine was too low to detect.
Although we decreased the concentration of free magnesium ions
to 24 mM (Fig. 6) we did not find a beneficial effect of arginine on
polymerization. This suggests that at the magnesium concentra-
tion necessary for activity of the ribozyme single arginines cannot
improve polymerization of the existing polymerase ribozymes.
The potential benefit of the amino acid histidine for acid-base
catalysis in ribozymes and deoxyribozymes was explored previ-
ously. Histidine promised to be useful for a catalytic function
because it has a pKA close to the neutral pH, whereas nucleic acids
do not [30]. Indeed, an in vitro selection found deoxyribozymes
that use free histidine as cofactor, probably with a catalytic role
[31]. However, the rate enhancements of histidine-using deoxyr-
ibozymes are not higher than those that use divalent metal ion
cofactors or no cofactors at all [32,33], and it was found that
ribozymes can perturb the pKAs of nucleobases close to the neutral
pH [34,35,36]. Additionally, it appears easier for nucleic acids to
use divalent cations rather than histidine as cofactor [37].
Therefore, histidine (and perhaps any other amino acid) does
not seem to be important for general acid-base catalysis in
ribozymes or deoxyribozymes.
Peptides and proteins fulfill several non-catalytic roles in natural
ribozymes. The bacterial RNase P ribozyme requires the C5
protein for recognition of the pre-tRNA substrate [38] and
ribosomal proteins fulfill a very diverse set of functions [39].
Although natural hammerhead ribozymes do not require a protein
cofactor, a trans-acting variant of the hammerhead ribozyme
benefits from the nonspecific binding of the HIV p7 nucleocapsid
protein, for the annealing of substrates and the dissociation of
products [40]. Therefore, trans-acting ribozymes can benefit from
Figure 2. Influence of arginine and amino modifications at the
proximal end of the 59-duplex, on polymerization. Shown is an
autoradiogram of PAGE separated polymerization products. For each
sample, the polymerization products at six incubation times are shown.
The number of nucleotides added to the primer during polymerization
is indicated. The eighth nucleotide addition results in two bands due to
nucleotide misincorporation. The length of the 59-duplex was 17 base
pairs. No difference in polymerization efficiency was found between
unmodified and modified ribozymes, within the errors of three
replications of the experiments.
doi:10.1371/journal.pone.0025030.g002
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Figure 3. Influence of arginine and amino modifications at the distal end of the 59-duplex on polymerization. (A) Autoradiogram of
PAGE separated polymerization products, with RNA/RNA duplexes at the 59-terminus of the ribozyme, in the presence of our P2 oligo. The length of
the 59-duplexes as well as the chemical modification, are indicated. (B) Autoradiogram of PAGE separated polymerization products, with RNA/RNA
duplexes at the 59-terminus of the ribozyme, in the absence of a P2 oligo. The length of the 59-duplexes as well as the chemical modification, are
indicated. (C) Quantitation of polymerization efficiencies for RNA/RNA (filled symbols) and DNA/RNA (open symbols) duplexes at the ribozyme 59-
terminus. The polymerization efficiency is described as the average number of nucleotides added per primer. For each length of the 59-duplex, three
variants were tested: Unmodified (circles), amino modified (squares), and arginine modified (triangles) duplexes. Symbols above the grey dashed line
show the results of reactions in the presence of the P2 oligo; symbols below the grey dashed line show the results in the absence of a P2 oligo. Errors
are standard deviations from three experiments.
doi:10.1371/journal.pone.0025030.g003
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peptides or proteins for the function of substrate interactions.
Although our study did not identify how single arginines can assist
ribozyme polymerization we assume that a different setup with
short peptides can help the polymerase ribozyme to bind the
primer/template substrate.
Ribozymes have been selected previously to require the
presence of a peptide or protein to be active [41,42,43]. Here,
the peptides/proteins appear to stabilize the catalytically active
structure of the ribozyme. However, in none of these cases was the
activity of the RNP complex higher than that of the parent
ribozyme. Therefore, these RNPs show how the activity of a
ribozyme can be regulated by a peptide but not how the activity
can be increased. In contrast, our study aimed solely to obtain
ribozymes with higher efficiency.
In an RNA world, amino acid - nucleid acid conjugates could
have been crucial intermediates for establishing a translation
system [20,21,24]. In the first step amino acid-nucleic acid
conjugates would have been synthesized. Although we did not find
a functional benefit of single amino acid conjugates for the
polymerase ribozyme they could have carried different immediate
evolutionary advantages [20]. With respect to the evolution of the
translational apparatus these conjugates would have served as the
ancestors of aminoacyl-tRNAs [44]. The next step in the evolution
would have been the attachment of multiple amino acids to a
single conjugate. This formation of peptide bonds can be catalyzed
by ribozymes [45] and could have carried immediate benefits, for
example by tighter interactions of diarginine with RNA than of
arginine. If the source of this second amino acid would have been
another conjugate then the ribozyme that catalyzed this peptidyl
transfer would have been a primitive ribosome: the conjugates
(precursors of tRNAs) would be aligned by base pairing to an
mRNA (either a sequence in the ribozyme or a separate RNA).
The nucleic acid portion of the conjugate would then have served
as precursor to the tRNA anticodon and facilitated the first
encoded peptide synthesis. Further evolutionary steps would have
improved the efficiency and accuracy of this machinery to the
present-day translation apparatus. One strength of this model is
that each of these evolutionary steps has been shown to be
accessible to ribozymes, and that each evolutionary step carried an
evolutionary advantage for the RNA world organism [20,46].
Materials and Methods
Ribozymes and substrates
Ribozymes were synthesized by in vitro transcription from PCR
products, using bacteriophage T7 RNA polymerase as described
[19]. Transcribed ribozymes were purified by 7 M urea 5%
polyacrylamide gel electrophoresis (PAGE). RNAs were purchased
from Dharmacon, and DNAs were purchased from IDT. All
RNAs and DNAs were PAGE purified. Primers were radiolabeled
using T4 polynucleotide kinase (NEB) and [c-32P] ATP (Perkin-
Elmer). All chemicals were Molecular Biology grade or higher.
Synthesis of conjugates
Arginine conjugates were synthesized from amino-modified
RNAs or DNAs via NHS-activated arginine. The amino mo-
difications contained a tether to the nucleic acid by six methylene
groups (C6-linker). In dry DMF, 143 mM a-amino-Fmoc-arginine
were reacted with 143 mM N-hydroxy succinimide (NHS) and
143 mM N,N9-dicyclohexyl carbodiimide (DCC) for 1 hour at
50uC. After cooling to room temperature the reaction mixture was
mixed with the 2.5-fold volume of an aqueous solution with
100 mM amino-modified nucleic acid and 200 mM MES/NaOH
pH 6.5. After incubation for 2 hours at room temperature the
reaction mixture was dried in vacuum, then deprotected in an
excess of 100 mM NaOH for 1 hour at 40uC. RNA coupling
products were deprotected in an excess of 50 mM NaOH and
50 mM Na2CO3 for 2 hours at 10uC. Deprotected products were
neutralized, ethanol precipitated, and purified by 7 M urea 20%
PAGE. The overall yield was 5–10% for RNA-arginine conjugates
and 10–20% for DNA-arginine conjugates, as calculated based
on the nucleic acid. The identity of the DNA conjugates was
confirmed by MALDI Mass Spectroscopy, using hydroxypicolinic
acid and ammonium citrate as matrix and a DNA 12mer and
21mer as internal standard for calibration. Expected mass for our
test amino modified DNA: 5330.6; found: 5330.7. Expected mass
for the corresponding arginine modified DNA with Fmoc
protection: 5709.0; found: 5708.7. Expected mass for deprotected
arginine modified DNA: 5486.8. Found: 5486.9. Additionally, the
identity of both DNA and RNA conjugates was confirmed by
Figure 4. Extension of primers that were base paired to the 59-
terminus of the polymerase ribozyme. The extension efficiency of
these primers was measured as a function of the length of the 59-
duplex. (A) Autoradiogram of PAGE separated polymerization products,
in the absence of the P2 oligo. For each length of the 59-duplex
(indicated) the unreacted primer and the reaction products are shown.
(B) Quantitation of polymerization efficiencies. The polymerization
efficiency was measured as the average number of nucleotides added
per primer and plotted as a function of the length of the 59-duplex. The
polymerization efficiencies in the absence (open squares) and in the
presence of the P2 oligo (filled squares) are shown. Errors are standard
deviations from triplicate experiments and were usually smaller than
the symbols.
doi:10.1371/journal.pone.0025030.g004
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the migration pattern of 59-radiolabeled samples in denaturing
PAGE.
Ribozyme Reactions
Ribozyme reactions were performed as described [19]. All RNAs
were dissolved in water at the appropriate concentration (final
reaction concentration: 2 mM Ribozyme, 1 mM template, less than
50 nM 59-radiolabeled primer, 2.5 mM P2 oligo, 2.5 mM 59
terminus oligo), heat denatured (2 min/80uC) and cooled to the
reaction temperature (17uC) at 0.1uC/sec. Reactions were started
by adding 2.56 reaction buffer containing magnesium chloride,
buffer (Tris/HCl, pH 8.5), and NTP (an equimolar mix of the four
nucleoside triphosphates) so that the final concentrations were
50 mM Tris/HCl and 4 mM of each NTP. Magnesium chloride
was 80 mM with the exception of primer extensions at the 59-
duplex (200 mMMgCl2), or reactions annotated to contain 40 mM
MgCl2. Reaction times were 24 hours for reactions with P2 oligo
and 3 hours for reactions without P2 oligo if not indicated
otherwise. Reaction times for reactions with 40 mM MgCl2 were
22 hours. The reason for the different incubation time is that in the
absence of the P2 oligo polymerization is fast during the first hours
and then stalls, whereas in the presence of the P2 oligo
polymerization is slower during the first hours but extends further
[12]. The reactions were stopped by the addition of a 1.5 fold
volume of stop buffer (80% (v/v) formamide, 200 mM Na2EDTA
at pH 8.4) and a template-complementary RNA added in 20-fold
excess over the template. The mixtures were heat denatured
(2 min/80uC) and cooled to room temperature at 0.1uC/sec before
loading and separating on 7 M urea 0.56TBE 20% PAGE.
Data analysis
Autoradiographs of the PAGE separations were recorded by a
PMI phosphorimager (Bio-Rad) and quantitated using the
software Quantity One. Shifts higher than 11 nt above the primer
were counted as full-length extension. The values for ‘‘average
nucleotides per primer’’ were obtained by multiplying the fraction
of intensity for each band (minus background signal) with the
number of added nucleotides corresponding to that band. For
quantifying the effect of 29-deoxy substitutions, the method was
described previously [14]. All experiments were repeated at least
in triplicate.
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Figure 5. Influence of arginine and amino modifications at the P2 oligo. The position and the modification of the DNA P2 oligo 59-GGCGCC-
39 is shown for each reaction, as well as the number of nucleotides added to the primer. The images are representative for three experiments. (A)
Autoradiogram of PAGE separated polymerization products, after 24 hours of polymerization. (B) Autoradiogram of PAGE separated polymerization
products, after increasing times for polymerization.
doi:10.1371/journal.pone.0025030.g005
Figure 6. Influence of arginine and amino modifications on
polymerization at low magnesium concentration. Quantitation
of polymerization efficiencies for DNA conjugates at the ribozyme 59-
terminus (in the absence of a separate P2 oligo) and at the P2 site. The
polymerization efficiency is described as the average number of
nucleotides added per primer. For each experiment, three DNAs were
tested: Unmodified (circles), amino modified (squares), and arginine
modified (triangles) DNAs. Errors are standard deviations from three
experiments.
doi:10.1371/journal.pone.0025030.g006
Arginine Cofactors on the Polymerase Ribozyme
PLoS ONE | www.plosone.org 7 September 2011 | Volume 6 | Issue 9 | e25030
References
1. Woese CR (1968) The fundamental nature of the genetic code: prebiotic
interactions between polynucleotides and polyamino acids or their derivatives.
Proc Natl Acad Sci U S A 59: 110–117.
2. Crick FHC (1968) The origin of the genetic code. J Mol Biol 38: 367–379.
3. Orgel LE (1968) Evolution of the genetic apparatus. J Mol Biol 38: 381–393.
4. Gilbert W (1986) The RNA world. Nature 319: 618.
5. Chen X, Li N, Ellington AD (2007) Ribozyme catalysis of metabolism in the
RNA world. Chem Biodivers 4: 633–655.
6. Cheng LK, Unrau PJ (2010) Closing the circle: replicating RNA with RNA.
Cold Spring Harb Perspect Biol 2: a002204.
7. Johnston WK, Unrau PJ, Lawrence MS, Glasner ME, Bartel DP (2001) RNA-
catalyzed RNA polymerization: accurate and general RNA-templated primer
extension. Science 292: 1319–1325.
8. Lawrence MS, Bartel DP (2005) New ligase-derived RNA polymerase
ribozymes. RNA 11: 1173–1180.
9. Zaher HS, Unrau PJ (2007) Selection of an improved RNA polymerase
ribozyme with superior extension and fidelity. RNA 13: 1017–1026.
10. Wochner A, Attwater J, Coulson A, Holliger P (2011) Ribozyme-catalyzed
transcription of an active ribozyme. Science 332: 209–212.
11. Attwater J, Wochner A, Pinheiro VB, Coulson A, Holliger P (2010) Ice as a
protocellular medium for RNA replication. Nat Commun 1: doi:10 1038/
ncomms1076.
12. Yao C, Muller UF (2011) Polymerase ribozyme efficiency increased by G/T-rich
DNA oligonucleotides. RNA 17: 1274–1281.
13. Lawrence MS, Bartel DP (2003) Processivity of ribozyme-catalyzed RNA
polymerization. Biochemistry 42: 8748–8755.
14. Mu¨ller UF, Bartel DP (2003) Substrate 29-hydroxyl groups required for
ribozyme-catalyzed polymerization. Chemistry and Biology 10: 799–806.
15. Misra VK, Shiman R, Draper DE (2003) A thermodynamic framework for the
magnesium-dependent folding of RNA. Biopolymers 69: 118–136.
16. Mason PE, Neilson GW, Dempsey CE, Barnes AC, Cruickshank JM (2003) The
hydration structure of guanidinium and thiocyanate ions: implications for
protein stability in aqueous solution. Proc Natl Acad Sci U S A 100: 4557–4561.
17. Schmidt CLA, Kirk PL, Appleman WK (1930) The apparent dissociation
constants of arginine and of lysine and the apparent heats of ionization of certain
amino acids. J Biol Chem 88: 285–293.
18. Hoffman MM, Khrapov MA, Cox JC, Yao J, Tong L, et al. (2004) AANT: the
Amino Acid-Nucleotide Interaction Database. Nucleic Acids Res 32: D174–181.
19. Muller UF, Bartel DP (2008) Improved polymerase ribozyme efficiency on
hydrophobic assemblies. RNA 14: 552–562.
20. Orgel LE (1989) The origin of polynucleotide-directed protein synthesis. J Mol
Evol 29: 465–474.
21. Szathmary E, Maynard Smith J (1997) From replicators to reproducers: the first
major transitions leading to life. J Theor Biol 187: 555–571.
22. Maizels N, Weiner AM (1994) Phylogeny from function: evidence from the
molecular fossil record that tRNA originated in replication, not translation. Proc
Natl Acad Sci U S A 91: 6729–6734.
23. Illangasekare M, Yarus M (1999) Specific, rapid synthesis of Phe-RNA by RNA.
Proc Natl Acad Sci U S A 96: 5470–5475.
24. Lee N, Bessho Y, Wei K, Szostak JW, Suga H (2000) Ribozyme-catalyzed tRNA
aminoacylation. Nat Struct Biol 7: 28–33.
25. Kumar RK, Yarus M (2001) RNA-catalyzed amino acid activation. Biochem-
istry 40: 6998–7004.
26. Baskerville S, Bartel DP (2002) A ribozyme that ligates RNA to protein. Proc
Natl Acad Sci U S A 99: 9154–9159.
27. Shechner DM, Grant RA, Bagby SC, Koldobskaya Y, Piccirilli JA, et al. (2009)
Crystal structure of the catalytic core of an RNA-polymerase ribozyme. Science
326: 1271–1275.
28. Joseph S, Weiser B, Noller HF (1997) Mapping the inside of the ribosome with
an RNA helical ruler. Science 278: 1093–1098.
29. Lesnik EA, Freier SM (1995) Relative thermodynamic stability of DNA, RNA,
and DNA:RNA hybrid duplexes: relationship with base composition and
structure. Biochemistry 34: 10807–10815.
30. Joyce GF (1998) Nucleic acid enzymes: playing with a fuller deck. Proc Natl
Acad Sci U S A 95: 5845–5847.
31. Roth A, Breaker RR (1998) An amino acid as a cofactor for a catalytic
polynucleotide. Proc Natl Acad Sci U S A 95: 6027–6031.
32. Emilsson GM, Breaker RR (2002) Deoxyribozymes: new activities and new
applications. Cell Mol Life Sci 59: 596–607.
33. Geyer CR, Sen D (1997) Evidence for the metal-cofactor independence of an
RNA phosphodiester-cleaving DNA enzyme. Chem Biol 4: 579–593.
34. Han J, Burke JM (2005) Model for general acid-base catalysis by the
hammerhead ribozyme: pH-activity relationships of G8 and G12 variants at
the putative active site. Biochemistry 44: 7864–7870.
35. Wilson TJ, McLeod AC, Lilley DM (2007) A guanine nucleobase important for
catalysis by the VS ribozyme. EMBO J 26: 2489–2500.
36. Cottrell JW, Scott LG, Fedor MJ (2011) The pH dependence of hairpin
ribozyme catalysis reflects ionization of an active site adenine. J Biol Chem.
37. Faulhammer D, Famulok M (1996) The Ca2+ ion as a cofactor for a novel RNA-
cleaving deoxyribozyme. Angew Chem Int Ed Engl 35: 2837–2841.
38. Koutmou KS, Zahler NH, Kurz JC, Campbell FE, Harris ME, et al. (2010)
Protein-precursor tRNA contact leads to sequence-specific recognition of 59
leaders by bacterial ribonuclease P. J Mol Biol 396: 195–208.
39. Zimmermann RA (2003) The double life of ribosomal proteins. Cell 115:
130–132.
40. Herschlag D, Khosla M, Tsuchihashi Z, Karpel RL (1994) An RNA chaperone
activity of non-specific RNA binding proteins in hammerhead ribozyme
catalysis. EMBO J 13: 2913–2924.
41. Robertson MP, Ellington AD (2001) In vitro selection of nucleoprotein enzymes.
Nat Biotechnol 19: 650–655.
42. Robertson MP, Knudsen SM, Ellington AD (2004) In vitro selection of
ribozymes dependent on peptides for activity. RNA 10: 114–127.
43. Atsumi S, Ikawa Y, Shiraishi H, Inoue T (2003) Selections for constituting new
RNA-protein interactions in catalytic RNP. Nucleic Acids Res 31: 661–669.
44. Nagel GM, Doolittle RF (1995) Phylogenetic analysis of the aminoacyl-tRNA
synthetases. J Mol Evol 40: 487–498.
45. Zhang B, Cech TR (1997) Peptide bond formation by in vitro selected
ribozymes. Nature 390: 96–100.
46. Noller HF (2004) The driving force for molecular evolution of translation. RNA
10: 1833–1837.
Arginine Cofactors on the Polymerase Ribozyme
PLoS ONE | www.plosone.org 8 September 2011 | Volume 6 | Issue 9 | e25030
